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soil pressure For part of their structural integrity. The mobilization of these soil pressures is, in turn, influenced by the deformation and the displacement of the structure. Prediction and control of the displacement of the structure is possible through proper selection of footing size. Such footing size selection will be easier and more accurate when a more complete body of load-versus-displacement information is available from dynamic tests of footing;. The continuing ban on nuclear air blasts precludes field testing to fill this information gap. Field testing with chemical explosives places size limitations upon the test elements. Laboratory testing, for the most part, has been limited to rather small-sized structures and footings. Extrapolation of results of these tests of small-sized structures and footings to predictions of full-scale behavior generally is difficult and sometime: is of dubious accuracy. Some recent notable successes have been achieved in extrapolating results of small-scale tests in cohesive soils.^ However, those tests did not include the effects of overburden. To reiterate, large-scale tests are needed of dynamically loaded footings in various types of soil with overburden. The empirical information thus gained is required for development or modification of theoretical methods for treating structural design problems. Definition of the effect of pseudo-overburden produced by surface blast pressure also is needed.
SCOPE AND APPROACH
The tests reported here were made on 6-foo!-lengths of full-sized strip footing loaded statically and dynamically in saturated sand. The cross section of the footing, 12 inches wide by 18 inches deep, was the same as the footings of Structure 3,3b, which was subjected to the effects of a nuclear blast during Operation PLUMBBOB.^ Depth of overburden above the footing during the field test was 19 feet. The simulated depth in the laboratory experiment was approximately 20 feet.
During the f'eld testing of PLUMBBOB Structure 3.3b, the footings experienced some torslonal distress. Consequently, any future Installation of this type of structure should incorporate facilities to prevent rotation of tho footings about a longitudinal axis. Therefore, antirotation features were incorporated in the laboratory experiments reported here.
The PLUMBBOB experiments were made at the Nevada Test Site of the Atomic Energy Commiss'on during the dry season of the year. Hence, ground water was not a factor in the tests. However, information is needed about the influence of saturation on the behavior of dynamically loaded footings. Accordingly, the NCEL experiments reported here were made in saturated sand.
Ultimately, the effect of pseudo-overburden caused by surface blast pressure should be Investigated. However, Investigation of that aspect of the load-versusdisplacement phenomenon of footings was not within the scope of the tests reported here. These tests were a simulation of the environment of a wall footing of a structure buried in sand and subjected to dynamic loads. For most of the tests, the water table was at the bottom of the footing. For a few tests, the water table was depressed below that elevation.
x TEST DESCRIPTION

Test Method and Apparatus
The experiments consisted of vertically loading a Footing along its top surface while maintaining an overburden along one side and a water table at the bottom elevation of the footing.
Dynamic loads on the footings were produced by the NCEL atomic blast simulator. The pressures of an explosion confined in the blast simulator were made to impinge upon a horizontal steel beam placed between the parallel, downwardprojecting skirts of the simulator. The load thus collected by the beam was transmitted down through three short steel columns. The load in each column passed through a load-measuring cell to a steel load distributor mounted on the top of the footing. The footing was supported on sand in the 9~foot by 10-foot concrete-walled pit beneath the simulator. Depth of sand in the concrete-walled pit was 10-1/2 feet. The test footing was 12 inches wide, 18 inches deep, and 6 feet long.
In the prototype structure upon which the design of this experiment was partly based, the load was applied by the structure to the footing essentially as a line load along the spring line of the structure. Certain features of the overburden simulation apparatus of the experiment, which will be described later, prevented application of a continuous line load to the experimental footing. Instead, the load was applied through load distributors along three equal lengths of the footing. Load application was interrupted for 9-inch distances at the one-third points of the footing. Great rare was taken to seat the load distributors on a lead sheet placed on the top of the footing so that stress concentrations would be avoided. However, in an earlier test series^ some cracking of the concrete footing occu red. Therefore, for the experiments reported upon here, a footing having approximately the same mass but made of steel was used. The steel footing v/as fabricated using as a core a 5-foot 10-1/2-inch length of 18WF114 rolled steel beam. Steel plates of 3/4-inch thickness were welded to the ends and from flange to Flange. The resulting steel box, with the web of the 18WF114 beam oriented vertically, weighed 1,205 pounds compared to 1,350 pounds for the concrete footing used previously. As with the formerly used concrete footing, the outside dimensions of the steel footing were 12 inches wide, 18 inches deep, and 6 feet long. Since the load distributors and the lead sheet were bolted to the stee! footing, they must be considered part of the mass of the footing. Combined weight of the three load distributors and bolts was 315 pounds. The lead sheet weighed 46 pounds. Thus, the combined weight of the load distributors and bolts, the lead sheet, and the footing, was 1,566 pounds.
The combined weight of the loading beam and columns and of the load cells, all of which acted as a unit, was 1,151 pounds. The soil placement and saturation will be described later. After the soil was prepared and the upper surface leveled, the test footing was placed on the soil directly beneath the blast simulator. One of the environmental conditions for these experiments was the maintenance of a static overburden on the soil on one side of the footing. There was insufficient room to place dead weight on the soil to provide this load. Instead, simulated overburden was provided by pressured gas in a flexible bag confined between the soil surface and a wooden deck 2 inches above the soil surface. For safety, dry nitrogen was used end pressurized to 15 psi. This is equivalent to a depth of approximately 20 feet of the soil used for the tests.
Details of the overburden-pressure apparatus were similar to those reported for spread-footing tests under overburden.^ Briefly, vertical reaction for the wooden deck which restrained the pressurized bag was provided by vertical steel tie-rods which connected the ends of steel beams across the top of the pit with the ends of steel beams fastened to another wooden deck, or floor, beneath the soil. The pneumatic bag was wrapped in canvas for protection and was further protected by a Teflon rub-sheet at the surface of contact with the footing. The Teflon sheet reduced friction between the footing and the overburden apparatus. Figures 2 through 6 show the steps taken to prepare for a loading of the footing.
Another environmental condition for the footing was the provision of torsional restraint about the longitudinal axis of the footing. Horizontal ties between opposite footings of a structure probably will be used in actual field installations. However, this laboratory experiment only involved one footing, and the tied arrangement was not feasible. Instead, pairs of horizontal wooden beams were placed transversely in the test pit on opposite sides of the footing near the ends and at the one-third points to prevent rotation of the footing about its major horizontal axis. The outer ends of the beams were jacked against the walls of the pit. The inner ends of the beams were fitted with ground steel plates. The beams were jacked into position with sufficient clearance between the beam end-plates and the footing for two sheets of 0.010-inch Teflon film. Thus, the footing was only permitted to slide down without rotating during loading. The function of these antirotation beams is illustrated in Figure 5 .
To best duplicate the field condition, a line load should have been applied to the top of the footing. The hold-down beams of the overburden apparatus necessarily had to span the test pit at two places above the footing. Therefore, the footing could not be loaded continuously along its top centerline. As mentioned earlier, steel load distributors were bolted to the top of the footing to provide as uniform a distribution of load as possible on the top of the footing. The spaces between th« load distributors and the overburden hold-down beams which passed through those spaces may be seen clearly in Figures 5 and 6 , respectively. A third environmental factor, and the one which made these tests unique when compared with others of the series, v 2/^ was the presence of pore water in the soil. This water was introduced at the bottom of the pit and allowed to rise through the voids, thereby preventing entrapment of air which would have occurred if water had been added from the top. Water was added through a 3-inch-diameter steel pipe near the centerline of the pit wall on the side not covered by the overburden apparatus. The lower end of the pipe was perforated and terminated in a half cubic yard of gravel banked about the pipe at the bottom of the pit. Also terminating in the gravel was a 6-inch-diameter suction pipe extending down from the surface adjacent and parallel to the supply pipe. The suction pipe was used for drawing down the water table in the pit to permit reprocessing soil in the upper zone. The supply and suction pipes can be seen in Figure 7 .
Soil Properties and Preparation
The »oil used for these experiments was taken from a river bed and screened to the gradation shown in Figure 8 . It is primarily used locally as plasterer's sand, but large quantities of it have been used at NCEL for experimental studies of soil dynamics and studies of static and dynamic soil-structure interaction. Physical properties of the sand are shown in Table 1 - The sand was placed in a damp condition (5 to 8% moisture) and spread in 2-foot layers. It was compacted by a Wacker Model EVR-120 electrically powered soil tamper. The tamper was moved about the surface of the layer being compacted in a regular pattern throughout the filling of the test pit. In-place density of the sand in each layer was measured by the method described in ASTM Designation D-1556-58T, "Density of Soil In-Place by the Sand-Cone Method." The average of 38 measured densities (converted to dry density) of sand in the test pit preceding the first loading of the footing was 109.8 lb/ft 3 . This is a relative density of 78.6% based upon maximum and minimum densities of 114.7 lb/ft 3 and 95.0 Ib/fH, respectively, for this sand/ Following each loading of the test footing, the sand in the upper 20 inches of the test pit within a zone extending 12 inches on each side of the centerline of the footing was loosened by hand shoveling and reworked. The retamping was accomplished, as before, with the Wacker tamper. Attempts were made to recompact this zone of soil to one of two densities, which may be described generally as "loose" and "dense." Later comparison of results of the footing tests will be made upon the basis of these various initial conditions of the soil. To determine the void ratio of the reworked soil, in-place density of the soil was measured as before. Great care was taken in the compaction procedure to assure uniform density conditions throughout the rewo-ked zone.
Instrumentation
With one exception, all instrumentation was standard, commercially available apparatus. All loads, pressures, and displacements were recorded using appropriate transducers in conjunction with carrier amplifiers and a recording oscillograph. The type 1-113B amplifiers and type 5-119 oscillograph used are designated "System D" by the manufacturer, Consolidated Electrodynamics Corporation, Pasadena, California.
Loads applied to the load-spreading devices on the top of the footing were measured by three 100-kip Baldwin type C compression load cells. Prior to the test program, the load cells were calibrated under static load in a hydraulically powered testing machine.
Statham model PA208 T C pressure gages were used to measure pressures in the blast simulator and to monitor pressure in the inflated bag used to simulate overburden pressure. Prior to use, these gages and the pore pressure gage described below were calibrated against a precision dial pressure gage.
Vertical displacement of the footing was measured with two Bourns model 108 linear-motion potentiometers, which have 10 inches of travel. These instruments have a full stroke resistance of 10,000 ohms. The only nonstandard item of instrumentation was a supplementary bridge circuit used with each of these potentiometers to make them compatible with the System D equipment, which is designed for use with 120-ohm bridges. The supplementary circuit is shown schematically in Figure 9 .
Pore pressure in the soil at a point 8-1/2 feet below the center of the test footing was monitored by a type 4-112 pressure gage manufactured by Consolidated Electrodynamics Corporation. The pressure-sensitive face of the gage was covered by a 200-mesh-per-inch wire screen so arranged that intergranular soil stresses were isolated from the gage but pore pressures were registered. A second pore pressure gage was installed at a depth of 4-1/2 feet below the center of the footing, but a failure occurred in the waterproofing material applied to the connector and no measurements were made with this gage.
Acceleration was measured by a Statham model A5-200-350 accelerometer bolted to the top of the footing. Before use, the accelerometer was calibrated in a centrifuge.
Test Schedule
The experimental program was designed to provide load-displacement data for sand loaded dynamicclly in each of two moisture conditions -drained and saturated. Within each moisture content group, two void ratio conditions were used -relatively high and relatively low. For each moisture condition and for each void ratio grouping, at least three different loads (low, medium, and high) were applied.
More specifically, the two groups of void ratios were planned to provide loose and dense soil conditions that it was hoped would bracket the critical void ratio. The void ratios utilized were the highest and lowest void ratios that could be achieved in the test sand with the equipment available. The loads selected for application to the footings were chosen to provide a broad range of load values for the loaddisplacement graphs subsequently to be drawn. The three load ranges were low (i.e., up to 20 kips/ft 2 on the footing), medium (between 20 and 30 kips/ft 2 ), and high (above 30 kips/ft 2 ). The highest load was dictated by the capability of the blast simulator which permitted a maximum load of approximately 39 kips/ft 2 on the footings used for these tests. In all tests having the water table at the elevation of the bottom of the footing, the water was brought to that level 15 minutes before applying overburden pressure. The overburden pressure was applied and maintained for 15 minutes prior to application of dynamic load to the footing. The overburden pressure was released immediately after the dynamic load decayed to zero. Table 2 lists the pertinent variables and measured results of these tests. Among the items shown are degree of saturation, initial void ratio, peak load and load duration, footing acceleration, displacement and associated time factors, and pore pressure information. Table 3 shows the results of the single static test.
RESULTS AND DISCUSSION
The magnitude of the pore pressure at a point 8-1/2 feet below the center of the footing is not significant for the type of test reported. In an actual field situation, the air-blast-induced soil stresses would be propagated from a stress front covering a large horizontal surface area of the soil. Under field conditions, such pore pressures could conceivably have some effect upon the behavior of footings. The pore pressures generated in this experiment were caused only by penetration of the footing into the soil. The fact that excess pore pressure was developed (i.e., pore pressure greater than that at the ambient static equilibrium condition) and not the magnitude of that excess was the significant information sought in this initial NCEL dynamic experiment in saturated soil. Magnitude of the excess pore pressure at a depth 8-1/2 feet below the footing, and arrival time of the pore pressure wave, are shown in Table 2 . For this and all other chronologically described events in the experiments, "zero time" was taken as the arrival time of the dynamic load on the top of the footing as indicated by initial excitation of the accelerometer mounted there.
As stated earlier, attempts were made to compact the soil in the zone surrounding the footing to two different initial densities. It is very difficult to select a desired density and actually achieve that magnitude with any great precision. However, the density of the soil surrounding the footing for any given test is considered to have been uniformly achieved for that test. The various tests were grouped on the basis of similar initial void ratio of the soil. Maximum footing loads on the soil versus corresponding maximum vertical displacements of the footing within each void ratio grouping, moisture condition, and type of load were subjected to a computer-processed regression anal/sis. Load was selected as the independent variable. Results of these regression analyses are shown individually for each group in Figures 10 through 15 . A composite of these graphs is shown In Figure 16 to facilitate the discussion which follows. By definition, the void ratio (e) of a soil is the ratio of the volume of voids to the volume of solid matter comprising the soil skeleton. The definition does not differentiate between voids which are occupied by gas or liquid or by combinations of gas end liquid. There is, for a given soil, some void ratio ct which the soil neither expands nor contracts when sheared. This condition is termed the critical void ratio, e cr . At void ratios higher than e cr , the soil contracts along shear planes. At void ratios lower than e cr , the soil expands along shear planes. A saturated soil is one having all pore spaces filled with liquid. When a saturated soil is loaded to failure at other than e cr , water must migrate toward or away from shear surfaces according to whether the soil initially was below or above e cr . If the rate of load application and the magnitude of soil permeability are such that pore water conditions on the shear surface do not remain in equilibrium as the load is applied, the shear strength will be affected. Under these conditions, and at an initial void ratio higher than e cr , there will develop on the shear surface an excess pore pressure. This excess pore pressure causes a decrease of intergranular stress and a consequent reduction of shear strength. Conversely, an initial void ratio lower than e cr will result in a decreasing pore pressure on the shear surface, which may ultimately produce a condition of cavitation in the pore water. This produces an increase in intergranular stress in the soil skeleton along the shear surface with a consequent increase in shear strength. These critical void ratio effects have been experimentally examined by other researchers in small-sized shear tests."
The footing tests reported here were examined to determine if void ratio conditions (both above and below e cr ) would influence the load-displacement behavior of a large footing loaded dynamically in saturated soil. The critical void ratio effect should not operate in dry soil, in soil at less than 100% saturation, nor in soil which is loaded statically (i.e., loaded slowly enough to permit pore pressures to remain in equilibrium). To effect the desired comparisons, one test of this series was made under static loading conditions. Several tests were made in saturated soil, and several were made with the soil in a drained condition (i.e., less than 100% saturation). The data used to produce Figure 13 are from dynamic tests in dry sand that were made under a test series reported earlier.^ As a preamble to consideration of the test results, it should be noted that the ratio of footing load to footing displacement is an index of soil bearing properties. It is often termed "k value" or soil modulus of reaction and is expressed in units of unit load per unit displacement. If the critical void ratio factor described above is not operative (e.g., when loading-rate versus permeability permits equilibrium to prevail, or when saturation is less than 100%), the k value is partially and inversely a function of void ratio. This is because soil bearing strength is related to shearing strength which is inversely related to void ratio.
The purpose of the following discussion is to examine the effects upon k value of the interrelationships among void ratio, degree of saturation, and type of load 
A versus C
Group A is drained, so the critical void ratio effect should not be operative in that group. Group C is saturated and susceptible to the critical void ratio effect. The void ratios of the two groups are quite similar, and without the e cr effect the k values would be similar, with that of group C being slightly the smaller. If e cr for this soil is less than the void ratio of group C (0.46), then the difference in k values of the two groups is probably larger than it would have been without the e cr effect. Conversely, if e cr is larger than 0.46, the k value of group C probably would be larger than that of group A. Thus, the relative positions of A and C on the graph suggest that e cr is less than 0.46.
A versus D
Since group A is drained and group D is dry, the critical void ratio effect should not be operative; and the higher void ratio of group D should produce a smaller k value for group D than that exhibited by group A. The graph of Figure 16 confirms this.
A versus E
If the hypothesis of item 2 above is correct (i.e., e=0.46 is larger than e cr ) / then e = 0.52 of group E also must be larger than e cr . Group E is dynamically loaded and saturated, and therefore subject to the e cr effect. In this instance, that effect would be a reduction in the k value of group E. Group A is not subject to the e cr effect. The magnitude of the difference in k value between groups A and E probably is greater because of the e cr effect on group E than it might have been if caused only by the difference in e between the two groups.
A versus F
As hypothesized earlier, the e cr effect should not be operative in a static condition such as group F, nor in a drained dynamic test such as group A. Even though e of group A is only slightly lower than that of group F, group A has a considerably higher k value than group F. This parallels earlier experience'/^ with dynamic-versus-static bearing tests in dry sand where the e cr effect is definitely not a factor.
B versus C
If e cr effect were not operative, the k value of group C would be larger than that of group B, based upon the relative magnitudes of their void ratios. That the k value of group B is larger than that of group C rearfirms the operation of e cr effect on dynamically loaded, saturated soil, and further confirms that e = 0.46 is larger than e cr . In this comparison, the e cr effect is more influential in establishing the relative magnitudes of k than are the relative magnitudes of e of the two groups.
B versus D
In this comparison, the e cr effect should not be operative. The relative values of the void ratios of the two groups should cause the k value of group B to be larger than that of group D, which it proves to be.
B versus E
This comparison offers an excellent opportunity to observe the critical void ratio effect, because the void ratios of the two groups are identical. Group B, being drained, should not be affected. Group E, being saturated, should be affected. As may be seen in Figure 16 , the k value of group E is considerably smaller than that of group B. This fact most probably is attributable to the e cr effect, and strongly supports the contention of item 4 above that e = 0.52 is larger than e cr .
B versus F
In this comparison, the e cr effect is not operative. Even though the e of dynamically loaded group B is considerably higher than that of statically loaded group F, the k value of group B is larger than that of group F. This once again indicates the strong tendency for dynamic k to be higher than static k even when relative void ratios are such as to encourage the opposite.
C versus D
According to the hypothesis being examined here, the e effect should be operating on group C. This effect (when e is larger than e ) tends to cause a reduction of k. However, the difference in void ratios (0.46 versus 0.55) is great enough to be more in'/luential than the e cr effect in establishing the relative magnitude of k between the saturated condition of group C and the dry condition of group D. The difference in k values would be even greater if the e cr effect were not acting upon group C.
C versus E
In this case, both groups represent dynamic tests under saturated conditions. If the e = 0.46 of group C is larger than e cr (as suggested earlier), then e = 0.52 (group E) must also be larger than e cr . Therefore, it would be impossible to assess the relative influence of the e cr factor on the two groups of tests. At least, the relative magnitudes of k value are correct for the relative magnitudes of void ratio.
C versus F
In this comparison, the void ratios of the two groups are essentially equal. Both test groups are saturated. If, as presumed, the e cr effect is operating on the dynamically loaded group C, then the k value of group C is smaller than it might otherwise be. However, the k value of group C was not reduced enough to negate the earlier observation 1 '^ that dynamic k value tends to be larger than the static value.
D versus E
In this comparison, the void ratios of the two groups are similar, but the slightly lower void ratio of group E should make the k value of group E larger than that of group D. Figure 16 reveals that this is not the case. Apparently the e cr effect (which can operate on group E and not on group D) predominates in establishing the relatively smaller k value of group E.
D versus F
The e cr effect should not apply in this comparison, since the dynamic case (group D) is dry and the saturated case (group E) is statically loaded. Therefore, this comparison merely supports the earlier conclusion''2 fhat dynamic k values tend to be larger than static k values. This tendency is shown here to prevail even though the relative e values of the two test groups would tend to produce the opposite relative magnitudes of k value.
E versus F
In fhis companion, three Factors are interacting. They are: (1) the tendency for the relatively lower e of group F to cause the k value of group F to be relatively larger than that of group D; (2) the tendency for the k value of group E to be reduced by the e cr effect; and (3) the tendency for dynamic k value to be larger than staticFUTURE PLANS Stress wave propagation in the pore fluids of soils loaded at a free boundary has not been well defined. These pore fluid stresses may have important effects upon buried structures. Specifically, they may have a direct influence upon the void ratio effects discussed in this report and thus upon the behavior of dynamically loaded buried footings. A theoretical analysis has been completed. Preparations are in progress for experiments to verify or modify the theories. Some of the significant variables to be investigated are soil particle size, particle size distribution, moisture content and degree of saturation, soil relative density, soil compressibility, range and duration of overpressure, and relationship to permeability. Soil types will encompass cohesive and noncohesive materials. Dynamic gas pressures will be applied to free water surfaces standing on saturated soils, to saturated soils with no free water on the upper surface, and to the upper surfaces of soils having a water table below the surface. The principal load variables will be magnitude and duration. Phenomena of interest in the interiors of the soil specimens will include magnitudes of changes in intergranular stress, magnitudes of excess pore pressure, and the time phase relationship between the two.
In another area of investigation, both thecatical and experimental studies are planned to investigate the effects of the magnitude and of the arrival time of dynamic surcharges (produced by air blast loadings) on the load-displacement behavior of buried footings. This work will involve both noncohesive and cohesive soils at various degrees of saturation.
Other experiments are planned to evaluate the effect of footing width on the load-displacement behavior of dynamically loaded strip footings.
